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EFFECT OF HUMIDITY ON PERFORMANCE OF TURBOJET ENGINES

By John C. Samuels and B. M. Gale

SUMMARY

The effect of humldity on turbojet-engine performance was
theoretically and experimentally investigated. Humidity cor-
rection factors that may be used on any turbojet engine and that
satisfactorily generalize engine performance over a range of
specific hmildities are developed.

The humidity effect is shown to be very small with the
magnitude depending on the basis of comparison. Correction
factors were obtained In the theoretical analysis assumlng a
constant compressor Mach number with varylng humidity and an
engine-speed correction resulted. A comparison on a constant
engine-speed basls therefore produced a different humidity
effect than that obtained at a constant compressor Mach number.
The maximm variation of any performance parameter at a
constant engine speed was that of thrust; experimental results
show & decrease of 3.6 percent in this parameter for a variation
in humidity from 30 to 210 grains of water per pound of dry
air. -

-

INTRODUCTION
The usual generalized performance parameters for turbojet
engines are obtained by assuming that the thermodynsamic properties
of the working fluld are constent. This assumption leads to some
varietion in performance of engines under widely differing
humidities. :

The performance of turbojet engines in air of varying midity
has usually been obtained through a detailed cycle analysis of a
representative engine, which accounts for variations in the thermo-
dynamic properties of the working fluid with humidity. The ratio
of the performance in dry air to that in moist alr is then defined
as a humldity correction factor. Correction factors derived in
the detalled type of analysis are inconvenient in their application
and are inherently restricted to a particular engine.
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In the investigation reported herein, which was conducted at
the NACA Lewis laboratory, correctlon factors are developed that
may be used for precise correlation of data where performance 1s
affected by some of the thermodynemic-property variations due to
atmospheric humidity. Humidity correction factors are developed
from a direct consideration of the generalized engine performance
parameters. In this manner, a set of mmlidity correction factors
are obtained that are approximate but do not involve parameters
associated with a particular englne; hence they may be applled to
any engine to correct performance for humidity. An additional
advantage of this method of analysis consists of the greatly
simplified calculations used to obtain humidity corrections.

The humidity correction factors of the detalled method as
applied to two different turbojet engines are compared with each
‘obher and with those of the approximate method. In addition,
the results of an experimental investigation conducted on a turbo-
Jet engine in a variable-lumidity altitude chamber are presented
to verify the theory.

ANALYSIS

In this analysis, the variation of the thermodynamic properties
of the fluild are established and the resulting effects on generalized
performance parameters are then determined.

The variation of the thermodynamic properties may be determined
by use of the following eguations (reference 1), using the symbols
of appendix A:

- 7000 Cp,a + c_x_Cp,w (1)
P 7000 + q
Gy = 7000 Cv,a + qcv’w (2)
7000 + q
y = 700C cp’a + qcp’w (3)
7000 Cv,a + q_Cv’w
7000 +
R = Ro + By (2)

7000 + g
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In figure 1 an example of the variation of Cp, Cyr 7,

and R, as computed from the preceding equations using the data
of reference 2, is 1llustrated over a range of specific mmidities.
The ordinate is presented in percentage variation from standard
values for dry air at 59° F. Similer trends in the variation of
these properties occur at the higher temperatures that exist in
the turbine or exhaust nozzle of a turbojet engine.

The effect of humidity on the usuel generalized engine
Performance parameters may be studlied by investigating the true
performance parameters (those with the thermodynemic conmstants
included) as determined from the principles of thermodynamics,
fluid dynamics, and flow similarity for two fluid-flow systems:
one, an engine operating in dry air and the other, the same engine
operating in moist air. Reference 3 shows that the Mach number at
any point in the fluld-flow system of a Jet engine is a function’of
the flight Mach number, the Reynolds number, and a characteristic
total~temperature ratio. In functionsl notation,

=fl 8’0’ ‘fo :@6

y
a

Vo pol¥p Ts) (5)

where Tz/T, is'a ratio of the total temperature at a point down-

stream of the heat addlition to the total temperature at a point
upstream of the heat addition., If the temperature ratio and the
Reynolds mumber are assumed to be unaffected by the molsture content
of the air, the Mach number at any point throughout the engine is a
function only of the flight Mach number. Any performance parameter
that 1s a function of the.Mach mumber at any polnt within the engine
is therefore also & function of the flight Mach number, and for
equel flight Mach numbers the performsnce parameters under molst and
dry condltions ere equal.

The detalled analysis (appendix B) tends to jJustify the
assumption of a constant temperature ratlo because, for a fixed
compresgor-inlet temperature, the tail-plpe temperature varied the
leagt of any of the performance parameters for two different engines
(as will be subsequently shown, from 0.3 to 0.5 percent maximum for
variations in humidity up to 300 grains water vapor/lb dry air).
The error introduced by both assumptions, that of constant temper-
ature ratio and Reynolds number, cannot be evaluated because the
exact form of the function in equéation (5) is unknown.

The following analyslis concerns the derivation of the true
performance parameters in terms of some Mach number within the

. e A e m—————— e e e J— — L
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engine. The parameters are then equated for the moist and dry
conditions to determine a hlumidity correction factor.

The condlitlons imposed in this approximate method of
determining humidity correction factors are:

(1) A1l engine efficiencies, effective flow areas, and flow
coefficients remain constant with varying mmidity.

(2) The flight Mach mumber for one humidity condition ig -
equal to that for the other humidity condition.

(3) The Reynolds mumbers at corresponding points for each
humidity are equal.

(4) The total-temperature ratios at a selected pair of
corresponding points for each humidity are equal.

The Jet~thrust humidity correction factor may be determined
using the equation

F——ASVZ (6)

Equation (6) may be rewritten as a function of the Mach mumber
at station 5. Thus

= 5AgYeRetets” | (7)
and therefore .
E -2 Eé Pat M 2 , 8
S 5 Pl st 5 (8)
but
Ps Po
Py N 2 0
Therefore
I x5 (M) (10)

1295
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. When the humidity correctlion factor 1s defined as the ratlio of the

performence in dry air to that in molst air, for the moist and dry
conditions at equal flight Mach mumbers

E /5 7eln

/5" -

Tt is shown in one-dimensional~flow theory that the air flow
at station 1 is glven by the expression

7 c>+l

e
ﬁ— \/— MlAl\/; 1 + S Mlz> e (12)
A2 \r

R
— ;,-i- = 5 (Mp) (14)

Therefore

() (13)

and

Therefore at constant values of M, for operation of the engline
with moist and dry sair

Ya, nWB
W m\/—/s

Ro,m 7c,n
where j| =222 -2 ig the air-flow mmidlty correction factor.
Ro,n Teym

The fuel-flow correctlon factor may be obtained by writing
the eguation of heat belence across the combustion chamber; thus,

(15)

Ne = Wo Cp b T3 <1 - —"> (18)
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But from equation (12)

- P
Vs
therefore
1 -2
Vf Plc;gzb \/Tc Tz~ " Tz . | 18

The quantities Tz/Ty and T,/T; are characteristic total-

temperature ratios end have been assumed to be independent of
the moisture content of the air. Therefore

W R '

kg c 1

——p e — P ( ) 19
sy O V7c Cp,p 1 V0 - a9)

and for the moist and dry conditions at equal fllight Mach numbers

W:E' n/5'\/— 7o,n %p,b,n
7 e ' (20)
£,m sAf@ Re,n 7e,m Cp,b,m

R, o 7o . C
where A[2aB-0s0 ZRaDaR 4g tpe fuel-flov humidity correction
Rc,n 7c ,m “p,b,m

factor.

An engline-speed correction is obtalned by equating the compres-

sor Mach number for the two conditions:

1“lc,n = Mc,m’

1295
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When 1t 1s assumed that the total and static temperatures at the
compressor inlet are equal,
Np Bp

\[7o,ch,nTl,n '\[?c,ch,mTl,m

Then the engine-speed mmidity correction factor 18

N/'\/— cn cn
H/’\l— ,m c,m

Although the humidity correctlion factors are general in
application, the values used for the thermodynemic proyperties
will depend on the englne operating temperatures.

These humidity correction factors are collected for
convenience as follows:

Jet thrust, <
7e,m

R
Air flow, A|lC.D  c.m

c,m Re,n

R C
Fuel £low, 70,0 fc,m Cp,b,n
7c,m Rc,n P,yb,m

7 R
Engine swed’ M
Yo,m Be,m

APPARATUS AND PROCEDURE

An experimental investigation was conducted on a turbojet
engine in a varisble-hwmidity altitude chamber (fig. 2) to compare
+the measured effect of humidity on performence wilth the effect as
predicted by this theory. A turbojet engine with a cenmtrifugal-
type compressor end single-stage axial-flow turbine was mounted
in the sltitude chamber on a thrust frame connected through a
linkage to & balance-pressure dlaphragm-type thrust indicator.

e e e e e = e T e s o ¢ e T A ¢ App— e e i - o e e e e -~
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The inlet temperature and pressure and the exhaust pressure of the
engine were controlled by electric heaters and automatic valves.
Steam at a pressure of 125 pounds per square inch was mixed with
the Incoming air at a point located 40 feet upstream of the engine
in order to facllitate the setting of any specific humidity
desired. Just ahead of the engine, a Foxboro Dewcel was installed
to determine the specific humldity of the alr entering. the engine.
The Foxboro dew-point measuring system using the Dewcel permlts
the comtimmouws recording of the dew point to within=%2° F over a
range of temperature from -20° to 120° F.

The humidity investigations were run in the followling
manner: The lnlet temperature was set at a value sufficiently
high to permit runs at several values of high specific humidity.
The inlet pressure and temperature and exhaust pressure were held
constant and engine speed was varied for two widely differing
values of the specific humidity. For anocther portion of the
experimental investigation, the corrected engine speed N/ ,\]’_9'
was held constant and only the specific mmidity was varied.

The ram ‘pressure ratio (flight Mach number) was maintained
constant in both cases.
%

RESULTS AND DISCUSSION
Calculated Humidity éorrection Factors

, The humidity correction factors for the various engine
performance parameters computed for the condition where the
compressor Mach mumber remains constant with changing moisture
conditions are given in figure 3. The curves labeled "Engine A,
detailed method"™ are resulis -obtained from the General Electiric
Company for a turbojet engine with a centrifugml-type compressor
and a single-stage axial-flow turbine. The curves marked

"Engine B, detailed method" are results obtained by the NACA using
a different engine and the method of analysis presented in
appendix B, & method similar to that used by the General Electric
Company . A camparison of these two sets of results 1s mede
because the umidity corrections resulting from the detailed type
of analysis involve engine parameters and & comparison of thils
nature affords an indicetion of the extent to which the humidity
corrections will depend on the design of the engine. Although the
two engines had similer type ccmpressors and turbines, the rated
thrust of engine B is approximately 185 percent higher and the
compressor preasure ratio 16 percent.higher than that of engine A.



NACA TN 2118 ‘ 9

The curves labeled 7Approx1mate method" were obtained using the
analysis developed herein, in which the thermodynemic properties
were caloulated for the operating temperatures of engine B.

A1l the performance paremeters of the engine (fig. 3) vary
linearly with increasing humidity. By the approximate method of
apalysis, the maximum change in the performance parameters for
operation of the engine at constant compressor Mach number with
varying mmidity up to 300 grains of water per pound of dry air
is: for engine speed, an increase of 1.0 percent; for air flow,

a decrease of 1.4 percent; for fuel flow, an increase of 2.4 per-
cent; for Jet thrust, a decrease of 0.45 percent. The tall-pipe
temperature (not shown for approximate method), of course, does
not vary because the characteristlic total-temperature ratio remains
constant with varying humidity, as previocusly assumed. The
performance of the engine at constant compressor Mach number
with varying mmidity is affected, in general, by lesas than

1.0 percent for all humidities of less than 140 grains of water
per pound of dry air. Although the humldity correction factors
for engine speed for the two methods of computation are the same,
a small difference in the results for the two different engines
is shown in figure 3(a). This difference is attributed to the
use of slightly different values of the standard thermodynamic
propertlies of dry air.

In view of the general magnitude of the correction factors,
the agreement between the two methods of calculation seems to be
sufficlient to Justify the use of the approximate method to
determine mmldity corrections to engine performance. The close
agreement between the results of the detalled method as applied
to two different engines seems to indicate that the humidity
corrections determined for one engine could be applied to another
engine of similar type.

Experimental Effect of Humidlty on Engine Performance

Experimental results of the effect of humidity on engine
performance are presented in figure 4(a). Although the effect
of humidity is small and within the usual reproducibility of data,
the data do indicate that there is some decrease in performance at
the high humidity.

An inspection of the data of figure 4(a) indicates the effect
of humidity at a given engine speed. If the compressor Mach number
is maintained constant with varying humidity, however, the actual
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engine speed must be Increased, as previously illustrated; there-
fore the effect of humldity at constant compressor Mach number is
different from that shown in figure 4(a). For example , the vari-
ation of the jet thrust with humidity shown in figure 4(a) for a
given engine speed is larger than that shown in figure 3(d) for a
constant compressor Mach number. ’

The data presented in figure 4(b) are the same as those in
figure 4(a) except that the mmidity correction factors of the
approximate method have been appllied. The corrected data fall
esgentially on a single curve demonstrating the applicability of
the correction factors. .

Experimental results for which the performance .of the engine
was determined over a range of specific humidities at constant
similated altitude, ram pressure ratio, engine speed, and inlet
temperature are presented in figure 5(a). The performance at a
“very low specific mumidity (30 grains water/ldb dry air) was con-
sldered as dry performance and the approximate humidity correction
factors were applied in the inverse manner to determine the
theoretical curves of figure S5(a). The operation of this particular
englne with varying mmidity (up to 210 grains water/lb dry air)
produced & decrease of 2.0 percent in alr flow and 3.6 percent in
thrust. It appears possible that these values would increase to
2.5 and 4.5 percent, respectively, at a mmidity of 300 grains of
water per pound of dry air. It is shown in figure 5(a), &s in
figure 4(&.), that the fuel flow will be little affected by changing
humidity at this engine speed; however, at low speeds (fig. 4(a))
there is a greater mmidity effect.

The theoreticel curves (fig. 5(a)) were calculated by assuming
a comstant compressor Mach number to exist with a varying bumidity,
and the experimental curves resulted from operating the engine at
constent engine speed and inlet temperature. The difference between
the theoretical curves and the experimental curves must therefore
be the result of the variation of engine speed with humidity for the
theoretical curves. In order to substantiate this reasoning, fig-
ure 5(b) presents the theoretical curves adjusted to a constant
engine speed in accordance with the effect of & variation in engine
speed on performance similar to that in figure 4(b). Very good
agreement exists between experiment and theory when the theoretical
curves are corrected In this mamner.

Variation of Saturation Specific Humidity with Altitude

Tn order to illustrate the humidites that may be encountered
in the operation of turbojet engines, the veriation of seturation
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speclific humldity with altitude 1s presented In figure 6. It may
be observed that the saturation specific. humldity at low altitudes
decreases rapidly with increasing altitude for both NACA standard
atmosphere and Army sumer alr. By Judging from the general
magnitude of the humidity effect, no correction to performance for
humidity need be made for an engline operating iIn NACA atmosphere
or above 15,000 feet altitude in Army summer air. The humidity
corrections under these conditions would most likely be less than
1 percent.

SUMMARY OF RESULTS

The following results were obtained from an investigation of
the effect of umidity on turbojet-engine performance; two analytical
methods were used in which the consequence of neglecting the vari-

"ation of some of the fluid properties of air with bumidity was

determined:

Correction factors that are generally applicable to any englre
and convenient to apply were developed to correct engine performance
for mmidity. These factors were verified by detalled performance
anslyses for two different engines and satisfactorily correlated
experimental data obtained over a wide range of specific
himidities.

The humidity effect on performance was small. Experimental
results showed that thrust was affected most and that for a glven
engine speed this parameter decreased 3.6 percent for a variation
in specific humidity from 30 to 210 grains of water per pound of

dry alr.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, March 13, 1950.
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APPERDIX A

SIMBOLS

The followling symbols are used in this report:

fl,fz,fs.- .

t/a

H 2 B O/ u

] ';drﬁt_-P'd

effective area, s8q ft

speed of sound, ft/sec

constant

specific heat at constant pressure, Btu/(1b)(°R)
specific heat at constant volume, Btu/(1b)(°R)
jet thrust, 1b

functions

fuel-alr ratio

acceleration due to gravity, 32.2 ft/sec?
enthalpy change, Btu/lb

mechanical équivalent of heat, 778 ft-1b/Btu
constant, (QR)l/Z/sec

characteristic length, £t

Mach number

engine speed, rpm

total pressure, 1b/sq ft

static pressure, 1lb/sq ft

lower heating value of fuel, Btu/lb

specific mmidity, grains water vapor/lb dry air
gas constant, £t-1b/(1b)(°R)

81ip factor of compressor

2119

1295
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T
t
v

-

total temperafure, CR
. static temperature, °R

velocity, ft/sec

velocity coefficient

air flow, 1b/sec

fuel flow, 1lb/sec

gas flow, 1b/sec

ratio of specific heat at constant pressure to
specific heat at constant volume

ratio of compressor-inlet total pressure to NACA
stanjard sea-level pressure

efficlency

ratio of compressor-inlet total temperature to NACA
standard sea-level temperature

viscosity, 1b/ft-sec

static density, 1b/cu £t

¢ compressor pregsure coefficient
Subscripts: '
0 embient
1 compressor inlet
2 compressor discharge
3 turbine inlet
4 exhaust-nozzle throat
station at which Jet is expanded to ambient pressure
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air (dry air plus water vapor)
combustion -chamber

;ompressor

exhaust nozzle

mois‘b- air

dry air

standard

turbine

water vapor

NACA TN 2119

1295



NACA TN 2119 15

APPENDIX B
DETATLED METHOD OF DETERMINING ENGINE PERFORMANCE
WITH VARYING HUMIDITY

In general, for an engine of fixed configuration, maintenance
of a constant flight Mach mumber and a constant compressor Mach
number with varying humldity will not insure that the turbine and
exhaust-nozzle Mach mumbers will remain constant. Determination
of the complete performance of the engine by a cycle analysis is
therefore necessary in order to obtain exactly the change in the
generalized engine performance parameters due to humidity.

The perforﬁance of a turbolet englne may be related at two
molsture conditions under the following restrictions:

(1) A1l engine efficiencies, effective flow areas, and flow
coefficlents remain constant with varying humidity.

(2) The compressor Mach mumber, the inlet total temperature
and pressure, and the exhaunst static pressure remain constant with
varying umldity. (The condition of constent compressor Mach
number imposes a humidity engine-speed correction.)

(3) Sonic velocity exists in the turbine-stator throat.

Let the dry and wet conditions be represented by subscripts
n and m, respectively. In order to maintain a constant compres-
sor Mach number, based on 1nlet total temperature, with varying
humidity (essuming that the velocity of the air entering the
compressor is low and that total and static temperature are equal),
the engine speed should be altered by the following ratio:

=1

_Q= 7c!n Rc,n (Bl)
N

Te,m Rc,m

The ratio of the compressor-discharge pressures at the two molsture
conditions is

70:1‘1
. 7c a =1
P T
2 o 1
P Jn = p) 2 (Bz)
"2m -
1+ C, m 7c,m




The ratlo of the compressor-discharge temperatures et the two moisture conditions is

2
1+ i
Tz,n - 5Jcp,o,ﬁrl,n
T2 m 2 (B3)
’ 1+ SVem
gcn ~ n:[l'l -
Pgogii g

The assumption of a choked stetor permits the expression

7t+1
4T ln'l_ ~ . P N -
Tg,3NT3 (2 B N7yl ' (B4)
The welght-flow parameter at stetion 3 may be rewritten
T T 1/2
e 5T ; <Wg,4= @)(ﬂ)(g) <ﬂ_ﬁ WK (55)
AzP3 APy /NP3 /NIy Az

When the weight-flow parameter at station 4 ls expanded in terms of pressure ratlos,
equation (5A) beoomss

2 2 Tetd ZTetl |1/ 1/2
Hg,s\Ts _ [ 2e7e (ﬂ)"@(fé)’e - (2 Te (’;::») e | R (Ts M _ g (86)
AP35 \[Re(7e-1) |\P5) \Pa Pz Py
, )

K N 7 . / - N =

9T

6TLZ ML VOVN
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The turbine temperature ratio i1s related to the turbine pressure
ratio by 1

7t'l

T P4> 7g
=<1 - Y (B7)
4 s <P3

(4

=3

Equations .(BS), (B7), and (B2) may be used to obtain the
turbine pressure ratio if Py is taeken equal to Pg and if the

burner pressure drop is assumed constant so that P5 equals CPZ'

The assumptlion of amblent static pressure in the exhaust-nozzle
throat restricts this part of the anamlysis to applications where
the nozzle is not choked; however, it will be shown later that the
resulting factors may be determined for all operating conditions
by the introduction of an additional assumption,

*When the turbine pressure ratio is determined, it is possible
to determine the turbine-inlet temperature. Equating the actual
work of the compressor and the turbine gives

2
SV, :
L &T
,]?3’- - 1 (B8)
1 7-1

’H-,Cp,t 1 -<%>7t— (1+£/2)

The humidity correction factor for turbine-inlet temperature is
therefore

Ye,m™ | ’]
P ——
1 -(24)  Tem (| 14(z/a)

T c P3/m L ”
Ts,n _ Voo “potm L . —  (B9)

Tz,m  Vo,m? Cp,t,n P 7’b,n"1j ~ .

1 _<F%\) 74,n 1+(£/a)y

L 3/n L :

_‘ -—

Equation (B9) can be used only for an unchoked Jet nozzle because
Pz/P, ocsnnot be evaluated in equation (B6) for the choked condition.
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An approximation to the mumidity correction factors, however, may
be obtained if the turbine-inlet temperature is assumed constant
with varying humidity as it is in the analysis in the text. It
is believed this approximation introduces negligible error in the
correction factors. S

Knowledge of the turbine~inlet temperature permits easy
calculation of the obther engine variasbles. The fuel-air ratio
may be obtalned from the followling development:

™~ (510)
Theréfore
AR
f/a = ———— (B11
/e i A, )

Assuming & value for the combustion efficiency, the fuel-air ratio
umidity correction factor is

(f/a)n _ AHb‘,n 9,28, m
(/a)y AHb,111A<“'bQL'AH'b,n (B12)

The weight flow through the turbine stator is

Phsz

W z=K-—=—= (B13)

8,3 ,\IT_S

and the humidity correction factor is

¥g,3,n _ %o |T3,m P3.n (B14)
Wg,S‘,m Kn TS_,n P3,m

The air~flow humidity correction is

Wa,n _Kn [T3,m P3,n ];1 + (f/a.)gl (B15)
Fem  Ea\To,0 P5m 1+ (e/e)n |
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and the fuel-flow humidity correction factor is
W T P A
Wfzn - & T_:.'bm PI‘.‘o_,n AHb,n (B16)
f,m Kn 3,n *3,m EEb,m

The Jet-nozzle total temperature may be computed from equetions (B7)
and (B8); the effective Jet velocity is then obtained from

, Toml
Po\ 7
VS = v ZgJCP eTy (1 = (P4> (B17)
The Jet-veloclity humldity correction ism
7e,h"l
(E)-> Te,n
P 2
' T 4
5,n _ _p,e n [“4,n n (B18)
" VS,m p e,n T4,m 7ezm"l
(P Te,m
4/m
where
4 . -
71; -1
1-1n = P—:,;

I]:"g,n T3 n \ _ n g (B19)
'1‘ = .

T4,m 3 m [/ N 713 m‘l

X P 4> Tt,m

and is the tail-pipe temperature humidity correction factor.
Because the jet velocity and the weight flow are known, the Jet
thrust is readily obtained from
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F =2 = (B20)

Wg,s,m v5,m

EE Wgzszn Vs,n : (B21)
Fn

In the preceding analysis, the performance of the engine is
related at two molsture conditions similer to the method used by
the General Electric Company. In order to study the varlation of
performance due to bumidity for a given compressor Mach number
and £flight condition, only insertion of the proper thermodynamic
constants into the equations of performence is necessary.

REFERRENCES
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Flgure 1. - Exemplary varilation of thermod io properties of moist air as function of apecific
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Figure 3. - Correction for humidity at constant compressor Mach number,
{Based on maximum engine speed, sea-level static-pressure operation.)
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Figure 4, - Effect of humidity on engine performance.
Sea-level statlc pressure; inlet temperature, 93° F.
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Figure 5. - Concluded. Effect of humldity on'engine performance.
Sea-level, ram pressure ratio, 1l.1; inlet temperature, 110° F.
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Flgure 6. - Variation of saturation specific humidity with altitude.
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